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Selective production of fragrance fatty acid ester from isopropanol and acetic acid has been achieved using silica-immobilized
lipase of Bacillus cereus MTCC 8372. A puriﬁed thermoalkalophilic extracellular lipase was immobilized by adsorption onto the
silica.Theeﬀectsofvariousparameterslikemolarratioofsubstrates(isopropanolandaceticacid;25to100mM),concentrationof
biocatalyst(25–125mg/mL),reactiontime,reactiontemperature, organicsolvents,molecularsieves,andinitialwateractivitywere
studied for optimal ester synthesis. Under optimized conditions, 66.0mM of isopropyl acetate was produced when isopropanol
a n da c e t i ca c i dw e r eu s e da t1 0 0m M :7 5m Mi n9ha t5 5 ◦Ci nn-heptane under continuous shaking (160rpm) using bound lipase
(25mg). Addition of molecular sieves (3 ˚ A ×1.5mm) resulted in a marked increase in ester synthesis (73.0mM). Ester synthesis
was enhanced by water activity associated with pre-equilibrated saturated salt solution of LiCl. The immobilized lipase retained
more than 50% of its activity after the 6th cycle of reuse.
1.Introduction
Environment-friendly biocatalysts are now rapidly substi-
tuting the conventional harsh chemical methods for the
synthesis of important fatty acid esters used in many chem-
icals, medicines, cosmetics, and foods [1–5]. The attention
towards tremendous use of microbial lipase (triacylglycerol
acylhydrolase, EC 3.1.1.3) was exploited in the past decade
leading to the easy hydrolysis/synthesis of esters at ambient
condition with an advantage of precise selectivity. Such
reactions mediated by biocatalysts have advantages like mild
reaction conditions, one step synthesis without protection
and deprotection steps, and easy application to food pro-
cessing [6–8]. A lipase catalyzes a reversible reaction and the
direction and equilibrium of the reaction is determined by
the activities of the substrates, products, temperature, and
pressure [9].
Enzymes immobilization is the inherent advantage to
isolate the biocatalyst from the reaction product and reuse
it in order to increase the process productivity [10–12].
Immobilization by adsorption has been most widely used
for immobilization of various enzymes [13, 14]. Highly
porous inorganic matrices such as silica aerogels with
diﬀering balances of hydrophobic and hydrophilic func-
tionalities have been successfully used for the immobi-
lization of enzymes. Silica aerogels can be considered as
“solid” solvent for the enzymes that are able to pro-
vide hydrophobic/hydrophilic characteristics diﬀering from
those prevailing in the liquid surrounding the aerogels
[15].
Esters are a major group of aroma compounds [16, 17].
This ester possesses fruity odor and is used as artiﬁcial
ﬂavorings and fragrances. Isopropyl acetate is a solvent used
in a variety of manufacturing processes. The present study
is focused on the eﬀect of various parameters on silica-
immobilized lipase-catalyzed synthesis of isopropyl acetate
in n-heptane (Scheme 1) as a model system for the study of
esteriﬁcation.2 Enzyme Research
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Scheme 1: Isopropyl acetate synthesis using silica bound lipase in
n-heptane.
2.MaterialsandMethods
2.1. Chemicals and Reagents. NaNO3,K 2HPO4,K C l ,
MgSO4·7H2O, FeSO4·7H2O, and (NH4)2SO4 (S.d. Fine-
Chem, Mumbai); yeast extract and gum acacia (HIMEDIA
Laboratory, Mumbai); p-nitrophenyl palmitate (p-NPP)
alkanes (n-pentane, n-hexane, n-heptane, n-nonane,
n-hexadecane and n-heptadecane), and silica gel 60 (0.040–
0.063mm, 230–400mesh) were from Lancaster Synthesis,
England; Glacial acetic acid; Triton X-100 (Qualigens Fine
Chemicals, India); isopropyl acetate was obtained from
Acros Organics (New Jersey, USA); LiCl, KI, KNO3, sucrose,
isopropanol, and molecular sieve (3 ´ ˚ A×1.5mm) were
procured from E. Merck Pvt. Ltd., Mumbai, India. All
chemicals were of analytical grade and were used as received.
2.2. Microorganism and Lipase. Bacillus cereus MTCC 8372
was originally isolated from a soil sample by selective
enrichment technique at 55◦C. The culture was maintained
by repeated subculturing on a mineral-based (MB) medium
supplemented with 1% (v/v) cotton seed oil (as a sole C-
source). The MB broth contained (g/L); NaNO3 3; K2HPO4
0.1; MgSO4·7H2O0 . 5 ;K C l0 . 5 ,F e S O 4·7H2O 0.01, and yeast
extract 4.0, pH 7.5 ±0.1.
2.3.ProductionofLipasebyB.cereus. SeedcultureofB.cereus
was prepared by inoculating 50mL of broth with a loop
full of culture. The culture was allowed to grow for 36h
at 55◦C under continuous shaking at 160rpm. Thereafter,
10% (v/v) of 36h old seed culture was used to inoculate
1000mL of the production medium (50mL each in 250mL
capacity Erlenmeyer ﬂasks). The seeded production medium
wasincubatedat55◦Cand160rpmfor48h(Orbitekshaking
incubator, AID Electronics, Chennai, India).
2.4. Puriﬁcation of B. cereus Lipase. The culture broth was
centrifuged after 48h post inoculation at 10,000 × gf o r
10 min at 4◦C (SIGMA 3K30, Germany). The cell pellet
was discarded and the supernatant was ﬁltered through
Whattman no. 1. The protein content was measured [18].
Henceforth, this ﬁltrate broth was referre to as crude lipase.
The required amount of ammonium sulfate was added to the
crude lipase to achieve 80% (w/v) saturation. The contents
were mixed thoroughly and kept over night at 4◦C. The
precipitates sedimented by centrifugation at 12,000×ga t
4◦C for 30 min were reconstituted in minimum amount of
Tris buﬀer (0.05M, pH 8.5) and were extensively dialyzed
against the same buﬀer. The puriﬁcation of the dialyzed
lipaseenzymewasperformedonanOctyl-Sepharosecolumn
(Amersham Pharmacia, Sweden) [19]. The fractions were
analyzed for lipase activity and protein. The active fractions
showinglipaseactivitywerepooledandstoredat −20◦C.The
speciﬁc activity of the puriﬁed enzyme was compared with
the crude enzyme and fold puriﬁcation was calculated.
2.5. Determination of Lipase Activity. The lipase was assayed
by a colorimetric method using p-NPP [20]. The reaction
mixture contained 80μLo fp-NPP stock solution (20mM p-
NPP prepared in isopropanol), 20μL of test sample (lipase)
and Tris buﬀer (0.05M, pH 8.5) to make ﬁnal volume to
3.0mL. The reaction mixture was incubated at 55◦Cf o r
10min in a water bath, and lipase activity was assayed at
410nm. Chilling at −20◦Cf o r7m i nw a se m p l o y e dt os t o p
the reaction. One unit (IU) of lipase activity was deﬁned
as micromole(s) of p-nitrophenol released per minute by
hydrolysis of p-NPP by one mL of soluble enzyme or 1g of
matrix bound enzyme at 55◦C (weight of matrix included)
under assay conditions.
2.6. Immobilization of Puriﬁed Bacterial Lipase on Matrix
Silica. The puriﬁed lipase from B. cereus was immobilized
on silica gel 60. The matrix was ﬁrst washed with distilled
water (thrice) followed by Tris buﬀer (0.05M, pH 8.5)
before immobilization. Approximately, 4mL (∼0.82IU) of
the puriﬁed enzyme was then added to silica (1g), and the
suspension was incubated for 1h at 37◦Ci nag l a s sv i a l .
The unbound lipase was removed by ﬁve washings with Tris
buﬀer (0.05M, pH 8.5). Finally, immobilized matrices were
k eptsuspendedinT risbuﬀerat4◦Ctillfurtheruse.Ineachof
the assays, 20 mg immobilized enzyme preparation (matrix)
was used. The volume of the supernatant, unbound protein
and lipase activity were estimated using standard methods.
The bound protein in matrix was determined by subtracting
unbound protein in the supernatant from the total protein
used for immobilization.
2.6.1. Esteriﬁcation Studies for Isopropyl Acetate Synthesis
Using Silica-Immobilized Lipase. A reference proﬁle was pre-
pared using varying concentrations of isopropyl acetate (20–
100mmol/L) in n-heptane (retention time 0.91min). The
referencecurvewasplotted betweenthemolarconcentration
(mmol/L) of isopropyl acetate and the corresponding area
under the peak. The retention time for isopropanol and
acetic acid is 0.79min and 1.03min, respectively.
2.6.2. Analysis of Isopropyl Acetate Synthesis by Gas Liq-
uid Chromatography (GLC). The sample size for the GLC
analysis was 2μL. The sample was analyzed with GLC
using a packed column (10% SE-30 Chrom WHP, 2-meter
length, mesh size 80–100, internal diameter 1/8inches,
Netel Chromatograph, Thane, India). Nitrogen was used
as a carrier gas (30cm3/min). GLC was programmed for
oven temperature 75–125◦C, ramp rate 25◦Cmin −1, injector
temperature 135◦C, FID temperature 145◦C, and holding
time 2min at 125◦C.Enzyme Research 3
2.6.3. Eﬀect of Amount of Biocatalyst on Ester Synthesis.
The synthesis of isopropyl acetate was studied by taking
diﬀerent amount of immobilized lipase (25–125mg/reaction
volume) in 2.0mL of reaction mixture containing 100mM
and 75mM each of isopropanol and acetic acid in n-heptane
at 55◦C in 9h under shaking (160rpm).
2.6.4. Eﬀect of Relative Molar Concentrations of Reactants
on Isopropyl Acetate Synthesis. It was studied by keeping
the concentration of one of the reactants (isopropanol or
acetic acid) at 100mM and varying the concentration of
another reactant (25–100mM) in the reaction mixture in n-
heptane. The esteriﬁcation was carried out for 9h at 55◦C
under continuous shaking using silica-bound lipase, and the
amount of ester formed was determined by GLC.
2.6.5. Eﬀect of Reaction Time on Synthesis of Isopropyl Acetate.
The reaction mixture comprised silica-immobilized lipase,
isopropanol (100mM), and acetic acid (75mM) in n-
heptane. The glass vials were incubated at 55◦Ci naw a t e r
bath incubator shaker for 15h. At 3-hour intervals, the
solvent phase (2μL) was sampled and analyzed by GLC for
the presence of isopropyl acetate.
2.6.6. Eﬀect of Temperature on Isopropyl Acetate Synthesis.
The eﬀect of temperature (45, 55, 65, and 75◦C) on the
synthesis of isopropyl acetate was studied. The reaction
mixture containing isopropanol (100mM) and acetic acid
(75mM) in n-heptane was catalyzed by silica-immobilized
lipase at each of the selected temperatures for 9h. The
amount of ester synthesized was determined by GLC.
2.6.7. Eﬀect of Molecular Sieves on Isopropyl Acetate Synthesis.
The molecular sieves (3 ˚ A×1.5mm) were added at the
concentration from 25 to 150mg per reaction volume as
mentioned above and synthesis of isopropyl acetate in the
reaction mixture was determined.
2.6.8. Eﬀect of Solvents (Alkanes) on Synthesis of Isopropyl
Acetate. In the reaction mixture, (2.0mL) n-heptane that
was initially employed as a solvent phase was replaced with
n-alkanes of varying C-chain length, that is, n-pentane, n-
hexane, n-heptane, n-octane, n-nonane, n-hexadecane, and
n-heptadecane. The silica-bound lipase was added to the
reaction mixture, and the reaction was performed for 9h at
55◦C. Ester synthesis was determined by GLC.
2.6.9.RepetitiveUseofSilica-ImmobilizedLipaseforEsterSyn-
thesis. This biocatalyst was used to catalyze fresh esteriﬁca-
tion reaction under optimized conditions. The immobilized
lipase with molecular sieves was used for the synthesis of
isopropyl acetate in n-nonane in a batch reaction up to 8
cycles of 9h each at 55◦C. After ﬁrst use, the biocatalyst was
recovered by decanting the reaction mixture and was washed
thriceinexcessofn-nonane.Theamountofestersynthesized
was monitored after each cycle of esteriﬁcation.
Table 1: Eﬀect of biocatalyst load on synthesis of isopropyl
acetate in n-heptane by silica-bound lipase. The reaction mixture
containing 100mM isopropanol and 75mM acetic acid and silica-
bound biocatalyst in n-heptane was incubated at 55◦C under
shaking for 9h.
Immobilized enzyme (mg) Ester synthesis (mM)
25 67 ± 0.01
50 66 ± 0.01
75 65 ± 0.02
100 63 ± 0.01
125 62 ± 0.02
2.6.10. Eﬀect of Initial Water Activity (aw)f o rE s t e rS y n t h e -
sis. The immobilized lipase and the substrates were pre-
equilibrated separately in containers containing diﬀerent
saturated salt solutions; LiCl, KI, KCl, and KNO3 with
aws of 0.12, 0.689, 0.869, and 0.960, respectively. The pre-
equilibration process was carried out overnight at 40◦C. The
silica-bound lipase was added to the reaction mixture and
reaction was performed for 9h at 55◦C without addition of
molecular sieves. Ester synthesis was determined by GLC.
2.7. Statistical Analysis. Standard deviation (SD) and stan-
dard error of means (SME) were calculated from data
obtained for three replicates for each of the parameters
studied.
3. Results and Discussion
3.1.ProteinBindingEﬃciencyoftheSilicaMatrix. Thepuriﬁ-
cation of microbial lipases using hydrophobic interaction
chromatography has been recently well established [21, 22].
ThepuriﬁedlipasebyOctyl-Sepharosecolumn[19]wasused
for the enzyme immobilization. The silica matrix eﬃciently
bound the enzyme (67% protein binding). The bound lipase
exhibited an activity 2.1IU/g matrix (weight of matrix
included).
3.2. Eﬀect of Enzyme Concentration on the Isopropyl Acetate
Synthesis. Enzyme concentration is known to inﬂuence the
esteriﬁcation behavior. Diﬀerent amounts of bound lipase
were used and the progress of the ester synthesis was mon-
itored by GLC. Maximum esteriﬁcation (67.0 ± 0.1mM)
was achieved when 25mg of silica-bound lipase was used
(Table 1). However, further increase in the amount of bound
lipase failed to further enhance the rate of esteriﬁcation.
An increase in the quantity of biocatalyst concentration
resulted in a decrease in the apparent enzyme activity in
the production of ethyl acetate to an increase in diﬀusion
limitation, a problem that may be minimized in large-scale
experiments by optimal biocatalyst and bioreactor design.
3.3. Eﬀect of Relative Concentration of Reactants on Esteriﬁ-
cation. At a ﬁxed concentration of acetic acid (100mM), an
increase in the concentration of isopropanol (25–100mM)
at 55◦C promoted the synthesis of ester (21.0 ± 0.2 to4 Enzyme Research
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Figure 1: Eﬀect of molar concentrations of reactants on the syn-
thesis of isopropyl acetate. The reaction mixture containing varying
ratio of isopropanol and acetic acid in n-heptane was incubated at
55◦C under shaking for 9h.
52.0 ± 0.2mM). However, when the concentration of
isopropanol was kept ﬁxed (100mM), there was a marked
increase in ester synthesis (27.0 ± 0.1 to 66.0 ± 0.1mM).
Use of equimolar concentrations of both reactants had
deleterious eﬀect on the ester synthesis. It appeared that the
ester was optimally synthesized when alcohol and acid were
usedat100mMand75mM,respectively,inn-heptaneunder
continuous shaking for 9h at 55◦C( Figure 1). Thus, in the
subsequent reactions, isopropanol and acetic acid were used
at 100mM and 75mM concentration, respectively.
In a previous study, high concentration of acetic acid
(0.4 to 0.7M) inhibited SP435 lipase activity resulting in
low conversion yields for acetate esters [23]. The presence
of fatty acid (acetic) at higher concentration could damage
the hydrolytic layer of the enzyme structure causing lipase
deactivation during esteriﬁcation process. Thus, B. cereus
MTCC 8372 lipase appeared to be vulnerable to high
concentration of acetic acid in reaction medium just like
other lipases. Due to toxicity of (acetic) acid in higher
concentration on lipase activity in enzymatic acetylation, the
use of acids as an acyl donor in transesteriﬁcation and direct
esteriﬁcation reactions was previously attempted with little
or no success [16, 17].
3.4. Eﬀect of Reaction Time on Synthesis of Isopropyl Acetate.
I tw a ss t u d i e da tat e m p e r a t u r eo f5 5 ◦Ci nn-heptane under
continuous shaking (Figure 2) up to 15h. The synthesis
of ester was time dependant, and maximum amount of
isopropyl acetate (66.0 ± 0.1mM) was produced after 9h
of reaction when isopropanol and acetic acid were used at
100mM and 75mM, respectively, in n-heptane.
3.5. Eﬀect of Reaction Temperature on the Isopropyl Acetate
Synthesis. An increase in temperature of reaction mixture
might interfere with the porosity, hydrophobic character and
diﬀusion of the reactants and/or products at the catalytic site
of enzyme or hydrogel. The reaction temperature above or
below 55◦C decreased the ester production (Figure 3). This
might be on account of denaturation of the lipase as well as
alteration in the 3D structure of lipase. Thus, 66.0 ± 0.2mM
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Figure 2: Eﬀect of reaction time on the synthesis of isopropyl
acetate. The reaction mixture containing 100mM isopropanol and
75mM acetic acid and silica-bound biocatalyst in n-heptane was
incubated at 55◦C under shaking.
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Figure 3: Eﬀect of reaction temperature on the synthesis of iso-
propyl acetate. The reaction mixture containing 100mM iso-
propanaol and 75mM acetic acid, and silica-bound biocatalyst in
n-heptane was incubated at stated temperature under shaking for
9h.
of isopropyl acetate synthesis was achieved at 55◦Ci n9hi n
ab a t c hr e a c t i o n .
It appeared that temperature has an important eﬀect
on the physical state of substrate dispersion in an organic
solvent.Highertemperatureandliquefactioncanbeassumed
to make the substrate more acceptable for the enzyme.
Moreover, immobilization facilitated dispersal of enzyme
on a solid surface to provide far greater interfacial area
and accessibility of substrate relative to the use of enzyme
powders in low water reaction media [24].
3.6. Eﬀect of Solvents (n-Alkanes) on the Ester Synthesis.
The choice of an appropriate solvent system that keeps the
reactants dissolved and did not interact with the enzyme,
matrix/support, or any of the reactants is very important
in achieving eﬃcient esteriﬁcation. Uses of n-octane or n-
nonane have nearly similar eﬀect on the amount of ester
formed under similar conditions. The maximum conversion
of reactants into ester was recorded in n-nonane (67.0 ±
0.2mM) at 55◦C. There is an increase in ester synthesis from
n-pentane (39.0 ± 0.2mM) to n-nonane (67.0 ± 0.2mM)
followed decrease in ester synthesis from n-hexadecane (53.0
± 0.3mM) to n-heptadecane (57.0 ± 0.1mM). Among
various n-alkanes, n-nonane was considered best for ester
synthesis in a water-free system (Figure 4).Enzyme Research 5
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Figure 4:Eﬀectofsolvents(n-alkanes)onthesynthesisofisopropyl
acetate. using silica bound lipase. The reaction mixture containing
100mM isopropanol and 75mM acetic acid and silica-bound
biocatalyst in stated n-alkanes was incubated at 55◦Ct e m p e r a t u r e
under shaking for 9h.
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Figure 5:Eﬀectofmolecularsieves(3 ´ ˚ A×1.5mm)onthesynthesis
ofisopropylacetate.Acontrolwasalsomaintained(withoutmolec-
ular sieves) for performing esteriﬁcation. The reaction mixture
containing 100mM isopropanol and 75mM acetic acid and silica-
bound biocatalyst in n-heptane was incubated at 55◦Ct e m p e r a t u r e
under shaking for 9h.
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Figure 6: Reusability studies using silica immobilized lipase for
ester synthesis. The silica-bound lipase with optimised molecular
sieves at 55◦C was used to achieve esteriﬁcation of isopropanol
(100mM) and acetic acid (75mM) in n-heptane at 55◦Ci n
repetitive cycles of 9h each under shaking.
Table 2: Eﬀect of initial water activity of saturated salt solutions
on synthesis of isopropyl acetate. The reaction mixture containing
100mM isopropanol and 75mM acetic acid and silica-bound
biocatalyst in n-heptane was incubated at 55◦C under shaking for
9h.
Salt solutions Ester synthesis (mM)
Control 66 ± 0.02
LiCl 72 ± 0.01
KI 63 ± 0.02
KCl 58 ± 0.01
KNO3 52 ± 0.01
As an n-alkane with a lower or a higher C-chain than n-
nonane was used as a reaction medium, a gradual decrease in
rate of isopropyl acetate synthesis was noticed. As the log P
value of an n-alkane decreased corresponding to decrease in
the C-chain length of the alkanes, the hydrophobicity of the
alkanes, that is, alkanes also decreased in that order [25].
3.7. Eﬀect of Molecular Sieves on Isopropyl Acetate Synthesis.
The esteriﬁcation reaction results in formation of water
as a by-product of the reaction, and its removal using
molecular sieves might enhance the synthesis of ester by
pushing the reaction equilibrium in the forward direction
[26, 27]. However, when the eﬀect of the presence of a
molecular sieve was studied by adding molecular sieve at
concentrations of 25 to 150mg per reaction volume, a
gradual increase in the synthesis of isopropyl acetate was
noticed up to 100 mg (73.0 ± 0.2mM), and any further
increase in the amount of molecular sieves resulted in a
decrease (Figure 5). Esteriﬁcation markedly increased in the
presence of molecular sieves in the present study.
3.8. Repetitive Esteriﬁcation by Bound Lipase in a Batch
Reaction. The silica-bound lipase when repetitively used to
perform esteriﬁcation under optimized conditions (25mg
immobilized lipase, 55◦C reaction temperature, 9h reaction
time, 100mg molecular sieves) in n-nonane resulted in 30
± 0.2mM isopropyl acetate after 8th cycle of esteriﬁcation
(Figure 6). The decrease in the yield of the synthesis of ester
may be due to a leakage of enzyme to the reaction medium.
3.9. Eﬀect of Initial Water Activity (aw). Generally, all lipases
showed an increase in ester synthesis as aw increased until
an optimum aw [28], whereby thereafter the ester synthesis
decreased as the aw further increased (Table 2). At saturated
salt solutions of LiCl, there was maximum ester synthesis
(72.0 ± 0.1mM) that was however lower that the isopropyl
acetate was produced without the use of any of the salts for
choosing the aw.E ﬀect of each of the chosen water activities
except LiCl was inhibitory in the isopropyl acetate synthesis.
Water layer is essential for hydrolytic enzyme activity. It
maintains the proper catalytic conformation of the lipase
enzyme. These results suggest that, at these water activity
values, enzymes are fully hydrated (too much water), and
thustheenzymeisrenderedtohavelessrigidityandtherefore
conversion rate diminishes.6 Enzyme Research
In the present study, we have shown that a systematic
approach could be devised on the basis of optimization
of reaction parameters and solvent engineering to obtain
optimal synthesis of an ester of interest. Maximum con-
version for ester synthesis was 97% (73mM) recorded.
Isopropyl acetate was successfully synthesized by lipase-
catalyzed esteriﬁcation in a short time of 9h at 55◦C
in n-heptane under continuous shaking (160rpm) using
bound lipase (25mg). The immobilized enzyme could be
repetitively used for 6 cycles with more than 50% yield of
ester.
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